Introduction
The coordination chemistry of carboxamide derivatives, especially towards transition metal ions, has attracted a considerable interest and this attention arises from the fact that pyridine carboxamide complexes have been used in various fields such as in asymmetric catalysis, 1, 2 dendrimers, 3 molecular receptor synthesis 4 and also in the synthesis of compounds with possible antitumor properties. 5 8 The carboxamide [-C(O)NH-] group of the primary structure of proteins represents an important ligand building unit in coordination chemistry, since its chelating nature imparts a unique balance of stability versus reactivity and has allowed for remarkable developments in a variety of catalytic transformations. Cadmium is a highly toxic metal and a potent carcinogen. In fact, even at very low concentrations cadmium can cause extensive damage to kidney, liver, lungs, prostates and hematopoietic systems of humans, and it has been recognized by the International Agency for Research on Cancer as a carcinogenic agent. 9 Recent studies suggest that cadmium-induced carcinogenicity involves direct or indirect interaction of this metal with DNA due to the various binding sites * For correspondence presented in the double helix, 10, 11 although the exact molecular mechanism of cadmium-induced carcinogenicity remains mostly ambiguous. Antibacterial activities and binding ability of cadmium complexes with DNA have received a considerable interest. 12 14 For instance, some Cd(II) complexes exhibit significant antitumor activity on murine melanoma B16 cells and human cervical cancer HeLa cells, 15 showing an activity similar to cis-platin with IC 50 less than 10.0 μM for some cell lines such as MDA-361, MDA-453, HeLa, etc.
14 As a result, investigations of interaction of cadmium complexes with DNA have been imperative in order to elucidate the mode and affinity of binding at cellular level. 16 Herein, we report an account of the synthesis, structural characterization and DNA binding study of cadmium(II) complexes of two carboxamide derivatives calf-thymus-DNA has also been studied by using viscosity measurements.
Experimental

Materials and Physical measurements
The chemicals and reagents used for the synthesis were obtained from commercial sources. Solvents were distilled from an appropriate drying agent. Calf thymus-DNA (Bangalore Genie, India) and ethidium bromide (Sigma) were used as received. All other chemicals and solvents were of analytical grade. The elemental (C, H, N) analyses were performed on a Perkin Elmer model 2400 elemental analyzer. IR spectra and 1 H NMR spectra of complexes were recorded on a Perkin Elmer FTIR model RX1 spectrometer (KBr disc, 4000-400 cm −1 ) and on a Bruker Avance DPX 500 MHz spectrometer using DMSO-d 6 as solvent, respectively. The solution electrical conductivity was measured using Systronics 304 digital conductivity meter with a solution concentration of ca.10
The electronic absorption spectra were recorded on a JASCO UV-Vis/NIR spectrophotometer model V-570. The fluorescence spectra of the complexes bound to DNA were recorded with an excitation wavelength of 522 nm by using the Hitachi-4500 fluorimeter.
Synthesis of ligands L
1 and L
2
The organic ligands N-(furan-2-ylmethyl)-2-pyridinecarboxamide (L 1 ) and N-(thiophen-2-ylmethyl)-2-pyridine-carboxamide (L 2 ) have been prepared as previously reported and duly characterised by single crystal X-ray crystallography. 17 
Synthesis of cadmium(II) complexes
The complexes were synthesized following a procedure as described below. 
X-ray crystal structure analysis
X-ray single crystal data of 1a and 2b were collected at room temperature (296(2) K) using Mo-K α radiation (λ = 0.71073 Å) on a SMART APEX II diffractometer equipped with CCD area detector. Data collection, data reduction, structure solution/refinement were carried out using the SMART APEX II package. 18 The structures were solved by direct methods of SHELXS-97 and refined by full-matrix least squares refinement methods based on F 2 with SHELXL-97 program. 19 All non-hydrogen atoms were refined anisotropically. In compound 1, one furanyl ring (O6/C30-33) was fitted by using an input fragment due to a slight disorder of the group. All calculations were performed using the WinGX package. 20 Crystal data and details of the refinement are reported in Table 1 , and a selection of bond lengths and angles are shown in Table 2 .
DNA binding experiments: Study with UV spectroscopy
Tris-HCl buffer solution (pH = 7.2) used in all the experiments involving CT-DNA was prepared using deionized and sonicated HPLC grade water (Merck). The CT-DNA used in the experiments was checked to be sufficiently free from protein by using the ratio of UV absorbance of DNA solution in tris-HCl at 260 nm and 280 nm (A 260 /A 280 ) that was around 1.9. 21 The concentration of DNA was estimated by using the extinction coefficient (6600 M −1 cm −1 ) at 261 nm 22 and stock solution of DNA was always stored at 4
• C. The stock solution of each complex was prepared by dissolving it in 2 mL of DMSO and diluted with Tris-HCl buffer to get the required concentration for all the experiments. Absorption spectral titration experiment was performed by maintaining constant complex concentration and varying the CT-DNA concentration. To eliminate the absorbance by DNA itself, equal amount of CT-DNA was added to the reference solution.
EB competitive studies with fluorescence spectroscopy
In the ethidium bromide (EB) fluorescence displacement experiment, 5.0 μL of EB tris-HCl solution (1.0 mM) was added to 1.0 mL of DNA solution (at saturated binding levels) 16 and stored in the dark for 2.0 h. Then, the solution of the complex was titrated into the DNA/EB mixture and diluted with tris-HCl buffer to 5.0 mL to get the solution with the appropriate complex/CT-DNA mole ratio. Before measurements, the mixture was shaken up and incubated at room temperature for 30 min. The fluorescence spectra of EB bound to DNA were obtained in the fluorimeter at λ ex = 522 nm.
Viscosity measurements:
To adjudge the binding mode (groove/intercalative) of complex with DNA, viscosity measurements were performed by employing the Ostwald's viscometer. Titrations were carried out in the viscometer by Bond lengths (Å)
50.64 
Results and Discussion
Synthesis and characterization
The perchlorate and nitrate salt of cadmium(II) were reacted with two carboxamide derivatives L 1 Figure 1 , and selected bond lengths and angles are listed in Table 2 (18) • , respectively. The present coordination metal-ligand bond distances are as expected for eight-coordinated Cd(II) complexes with four N, O-chelating ligands. 23 The perchlorate ions are weakly bound to the complexes through H-bonds involving NH groups and perchlorate anions (Table 3 and Figure S1 , in Supplementary Information), and these interactions give rise to a 1D chain developed along axis c. In addition, a short ring interaction between thiophene S1 and pyridine N1 of a symmetry related complex (centroid-tocentroid distance = 3.707(4) Å; dihedral angle between planes = 2.3(3)
• ) is detected in the crystal packing. 
Crystal structure of 2b:
The X-ray diffraction study revealed that the complex crystallizes in monoclinic system, space group P 2 1 . The metal is coordinated by two N,O chelating L 2 and by two chelating nitrate anions leading to a neutral molecular species (see Figure 2) . The Cd atom exhibits a distorted dodecahedron environment with Cd-O(L 2 ) and the Cd-N bond distances are slightly shorter (mean 2.357 Å) than those measured in 1a, likely for the lower bulkiness of nitrates, which present an unsymmetrical coordination. In fact, in each nitrate one Cd-O bond distance is shorter by about 0.11-0.13 Å compared to the other (2.424(5) vs 2.530(6) and 2.426(4) vs 2.572(5) Å). The chelating pyridine-carboxamide mean planes form a dihedral angle of 75.78 (1) • , while the two nitrate mean planes define an angle of 64.60(1)
• . Cadmium(II) complexes with the same coordination environment have been previously reported, 24, 25 having coordination bond distance values in agreement with those reported herein. In the crystal lattice, the monomeric units form a 2D polymeric layered supramolecular stucture parallel to the crystallographic bc plane through intermolecular hydrogen bonds between the carboxamide N-H fragments and nitrate anions (Figure 3) . The hydrogen bonding parameters are reported in Table 3 .
Spectral characterization
The IR spectrum of the ligand L 1 shows absorption at 3344 and 1660 cm −1 assignable to the ν N−H and ν C=O stretching, respectively. In the spectra of both complexes 1a and 2a, ν C=O band moved towards lower frequency at 1643 cm −1 , suggesting the coordination of the metal center via the carbonyl oxygen. Both complexes 1a and 2a show characteristic IR bands at 3347 and 3336 cm −1 , which correspond to the characteristic peaks of ν N−H , in addition to a characteristic band at 1475 cm −1 assignable to the ν C=N stretching frequency. The symmetric and asymmetric stretching vibrations of the perchlorate groups of complex 1a appear at 1087 and 628 cm −1 , respectively. On the other hand, complex 2a displays a characteristic band at 1381 cm −1 assigned to ν − NO3 . In the IR spectrum of the ligand L 2 , the absorption at 3317 and at 1654 cm −1 are assigned to the ν N−H and to the ν C=O , respectively. In the spectra of both complexes 1b and 2b, the ν C=O band is shifted to a lower frequency (1634 cm −1 ), suggesting the coordination of the carbonyl oxygen to the metal centre. Complex 1b showed broad intense bands at 1087, 628 cm −1 , assigned to the symmetric and asymmetric stretching of ν 
DNA binding studies
The application of electronic absorption spectra in DNA binding studies is one of the most useful techniques. 26 Generally, binding of the metal complex to the DNA helix is justified by an increase of the n → π* band of cadmium(II) complex due to the involvement of intercalative interactions between the effective chromophore of the complex and the base pairs of DNA. 27 29 Here, the UV-Visible spectra of the cadmium(II) complexes in DMSO exhibited intense absorption bands at ca. 267 nm, 270 nm, 272 nm and 288 nm for the complexes 1a, 1b, 2a and 2b, respectively, attributable to n-π * transition (Table S1, The extent of the hyperchromism in the absorption band is generally consistent with the strength of intercalative interactions 26,30 32 and these spectral characteristics suggest that the complexes interact with DNA, most likely through a stacking mode between an heterocyclic aromatic chromophore and the base pairs of DNA. 33, 34 In order to establish the binding strength of the metal complexes with CT-DNA, the association constant K b was determined from the spectral titration data using the Wolfe-Shimer equation (1):
(1) where [DNA] is the concentration of DNA, ε f and ε b correspond to the extinction coefficient, respectively, for the free complex and for the cadmium(II) complex The binding of the complexes to DNA decreases the emission intensity and the extent of the reduction of the emission intensity gives a measure of the DNA binding propensity of the complexes and stacking interaction (intercalation) between the adjacent DNA base pairs. 40 Although EB does not show any emission in the buffer medium due to fluorescence quenching by solvent molecules, it shows an emission band in the presence of CT-DNA due to intercalative binding to the helix. The decrease in fluorescence intensity of the DNA-bound EB (with excitation wavelength of 522 nm) decreases with the increasing addition of the complexes (see Figures 8, 9 , S4 and S8 in the Supplementary Information) because the binding of the complex to DNA promotes the release of the EB molecules from the double helix. 41 This quenching due to the addition of the cadmium complex is in agreement with the Stern-Volmer equation (2):
where I 0 and I represent the fluorescence intensities in the absence and presence of quencher (complex), respectively, K sv is Stern-Volmer quenching constant, Q is the concentration of the quencher. In the quenching plot (see Figures 10, 11 complexes 1a, 2a, 1b, and 2b , respectively, suggesting a strong affinity of each cadmium(II) complex to CT-DNA. This feature may be attributed to a better ability of the complex to interact with DNA through intercalation binding, thus releasing EB from the EB-DNA complex. It is worth noting that the results obtained from the fluorescence spectra are in agreement with those derived from the absorption spectroscopy.
Furthermore, interactions between the complexes and DNA were investigated by viscosity measurement that is regarded as the most effective means to study intercalative binding mode of DNA in solution. 43, 44 The viscosity of DNA is sensitive to changes in DNA length upon interaction with a molecule and the solution viscosity (η/η 0 ) and DNA length (L/L 0 ) are related by the equation (L/L 0 ) = (η/η 0 ) 1/3 . 46,47 A classical intercalative mode causes a significant increase of viscosity of the DNA solution due to a larger separation of intercalated base pairs leading to an increase of overall DNA length. In contrast, a molecule that binds exclusively in the DNA groove by partial and/or non-classical intercalation (i.e., electrostatic interaction or external groovebinding), a bend or kink in the DNA helix may be promoted leading to a slight shortening of its effective length. In this case, the change in viscosity of the DNA solution is less pronounced or there is no change at all. 45 47 As indicated in Figure 12 , the viscosity of complexes 2 increases with the increasing ratio of complex to CT-DNA. These results support the hypothesis that complexes 2 bind to CT-DNA by intercalation, 48, 49 resembling the binding mode of EB to CT-DNA. In comparison to ethidium bromide, the relative viscosity is slightly lower for complexes 1. The decrease in viscosity of DNA on addition of complexes 1a and 1b is indicative of electrostatic/covalent interaction. 50 It may be due to the presence of four non-planar ligand moieties in complexes (1), which probably play a key role to interact with DNA in electrostatic/covalent binding mode.
Conclusions
Carboxamide ligands (L 1 and L 2 ) obtained in situ from pyridine-2-carboxylic acid with furfuryl amine and 2-thiophenemethyl amine were reacted with perchlorate and nitrate salt of cadmium(II), separately, to afford four mononuclear cadmium complexes of formula [Cd(L) 4 ](ClO 4 ) 2 (L=1a and 1b) and [Cd(L) 2 (ONO 2 ) 2 ] (L=2a and 2b) . The X-ray structural analysis indicated that the composition is anion dependent: in fact, perchlorate remained uncoordinated while the more coordinating nitrate anion is bound to cadmium(II) ion leading to cationic and neutral complexes, respectively. In this work, the detailed study is reported on the binding of complexes with CT-DNA, investigated by electronic absorption titrations, fluorescence spectroscopy, as well as by viscosity measurements, which indicated that complexes of different composition interfere differently with DNA. Actually weak electrostatic/covalent binding is detected with cationic complexes 1a and 1b, while neutral complexes 2a and 2b bind to DNA via intercalation mode. However, the binding constants of these four eight coordinated cadmium(II) complexes are comparable to those of the previously reported six/five coordinated cadmium(II) complexes, 36 39 but in some cases, the observed values are somewhat higher than those reported 51 53 (Table S2 53 cadmium(II) complexes; i.e., with increase of coordinated group ligated with Cd(II) centre, decrease of binding constants (K b ) was observed, but it is not valid in our case though the complexes are eight coordinated cadmium(II) complexes. Here, it is noteworthy to mention that both type of the complexes (1 and 2) are eight coordinated cadmium(II) complexes and they strongly interact with CT-DNA, comparable to the interaction of five and six coordinated cadmium(II) complexes.
Supplementary Information (SI)
Crystallographic data for the structural analyses of complexes 1a and 2b have been deposited with the Cambridge Crystallographic Data Centre bearing the CCDC Nos. 1438356 and 1438357, respectively. Copies of this information are available on request at free of charge from CCDC, Union Road, Cambridge, CB21EZ, UK (fax: +44-1223-336-033; e-mail: deposit@ccdc.ac.uk or http://www.ccdc.cam.ac.uk). NMR spectra ( Figures S1-S4) , plots of DNA binding experiments for complex 2b from the absorbance and emission study and its comparison with the complex 1 and other reported cadmium(II) complexes, and CIF files of complexes 1a and 2b are available at www.ias. ac.in/chemsci.
